Catastrophe theory, developed by Thom (2), is a matheCatastrophe theory, in particular the elementary cusp catastro-matical framework to describe catastrophes. It distinguishes phe, has been successfully applied to describe the qualitative fea-one or more behavior parameters (behavior space) and one tures of catastrophic phase inversion in emulsions, but quantita-or more control parameters (control space). The system tive, experimental tests of the cusp catastrophe did not yield satis-obeys an optimization function, which is a function in the factory results. We have shown that the elementary butterfly behavior space, parametrized by the control space. It is ascatastrophe can fit experimental data from the literature with reasumed that the system always exists under a locally optimum sonable accuracy. The quality of the fit may be improved, but only condition. The condition that all derivatives of the optimizaat the cost of the introduction of more fit parameters with little tion function to the behavior space are zero describes a set or no physical significance. We present an expression derived from physical properties rather than mathematical ones, on the basis in the total space (behavior space 1 control space), which of which all observed catastrophic phenomena can be qualitatively represents all possible states of the system. For a given set described. At values of the interfacial tension typical to coarse of conditions (one point in the control space), there are one, emulsions, this model predicts phase separation. However, phase several, or no possible behavior states (points in behavior inversion is generally observed under these conditions. We point space).
INTRODUCTION
example, the behavior of a stock market, the stability of ships, or territorial behavior of fish. Zeeman (3) gives an Phase inversion in emulsions is generally divided into two overview of various applications and also provides an excelmechanisms: transitional and catastrophic inversion (1) . lent introduction to catastrophe theory, avoiding mathematiTransitional inversion is induced by changing factors that cal formalisms as much as possible. affect the distribution of the emulsifier over the phases, such
The applicability of catastrophe theory to emulsion phase as, for instance, temperature, HLB of the emulsifier, salinity inversion was first suggested by Dickinson (4). This suggesof the aqueous phase, and polarity of the organic phase. tion was based on the fact that phase inversion induced by Catastrophic inversion is induced by increasing the fraction 2 increasing the volume fraction of the dispersed phase disof the dispersed phase and has the characteristics of a catas-plays the qualitative characteristics of the so-called cusp trophe. A catastrophe here means a sudden change in behav-catastrophe, one of the elementary catastrophes from ior of a system, as a result of gradually changing conditions. Thom's catastrophe theory. The most outstanding characterIn practice, the term catastrophe might also refer to the math-istic was the occurrence of hysteresis, which could not be ematical description of catastrophic behavior.
explained by other theories at that time.
The cusp catastrophe is characterized by only one behav- 1 To whom correspondence should be addressed.
ior parameter (S), which should indicate the morphology of 2 Since the relationship between the characteristics of the normal factor the system (i.e., O/W or W/O). Further, there are two con-A and the fraction of one of the phases of the emulsion is based exclusively trol parameters: a normal factor (A), which tends to increase on qualitative similarities, this fraction may be defined on a molar, mass, or decrease S smoothly and monotonically, and a splitting or volume basis. Unless explicitly stated otherwise, the term ''fraction'' in factor (B), which promotes the occurrence of hysteresis. this paper will be applicable to molar and mass, as well as to volume fractions. In the field of emulsions, volume fractions are usually preferred. According to Dickinson, the normal factor A is intuitively age degree of curvature of oil and water surfaces as a possible morphology parameter. However, all uncertainty can be avoided by focusing on the bifurcation set, in which behavior parameters are not present.
Our ultimate goal is to develop a model that can predict the fraction dispersed phase at which inversion takes place as a function of relevant formulation and emulsification parameters. We will first compare the elementary algebraic forms for bifurcation sets to experimental data from the literature. Furthermore, we will set up a description for the Gibbs free energy of an emulsion system on the basis of relevant physical parameters and derive catastrophic behavior from related to the fraction of one of the phases, and the splitting that. factor B to the concentration of emulsifier. The physical nature of the morphology parameter S remained yet undeter-EXPERIMENTAL TEST OF THE CATASTROPHE mined.
THEORY
For an emulsion, the appropriate optimization function is (a) Phase Inversion in a Binary Water-Amphiphile the Gibbs free energy of the system. According to the theory System of the cusp catastrophe, the Gibbs free energy should be represented by 3 Comparisons between the cusp catastrophe bifurcation and experimental phase inversion data were done by Smith
[1] and Lim (6, 7). In a binary, water/2-butoxyethanol system (6), phase inversion experiments were undertaken to deterOn the basis of this equation, hysteresis in emulsion phase mine f 1 and f 2 , i.e., the volume fractions of amphiphilic inversion can be visualized by means of a ''ball-in-hole'' phase at which inversion took place, as a function of temperanalogy (5) (Fig. 1) . This shows immediately one of the ature, close to the critical point. f 1 is the inversion point most important prepositions of the catastrophe theory: the from Aq/Am (aqueous phase in amphiphilic phase) to Am/ perfect delay convention, according to which the system Aq, and f 2 is the inversion point from Am/Aq to Aq/Am. always remains in a local optimum.
From the graphical presentation of the experimental data, f A more quantitative approach by means of the catastrophe 0 f c could be identified as the normal factor, and T 0 T c theory is strongly limited by the yet undetermined nature of as the splitting factor, where (f c , T c ) is the critical point. the morphology parameter S. Dickinson suggested an averThe critical temperature T c was determined by extrapolation of conductivity measurements, and the critical inversion point f c was disputably set to 0.5, following Ross and Korn-3 There is no uniform notation of the algebra describing elementary catasbrekke (8), who derive the probability of finding an emultrophes. We have found no less than four different notations in the literature for the optimizing function characterizing the cusp and butterfly catastro-sion in morphology a/b on the basis of a canonical partition phes:
function Z. In their analysis, implicit assumptions regarding the morphology of the emulsion are made, which may not
Cusp
Butterfly Reference be justified in many systems. For example, the partition func-
tion Z is given by
where E 0 represents the energy level of the unmixed phases.
Indeed, for all states E 0 is equal, so the use of a constant Z 0 which makes the following deductions only approximate.
Another implicit assumption can be found in the relation between the difference in interface DA and the volume fraction f:
The above equalities imply a droplet distribution very close to monodisperse, whereas in reality, polydispersity in emulsions can be considerable, especially close to the catastrophic inversion point. Therefore, the above relations are, again, an approximation, allowing at most to say f c É 0.5. Finally, the whole analysis by Ross and Kornbrekke is disputable, since it assumes phase inversion to be a stochastic process.
FIG. 2. Cusp and butterfly catastrophe fits on experimental data from
This assumption is based on observed stochastic phase inver-a binary water/2-butoxyethanol system (Smith and Lim (6)). sion behavior in their experiments. We believe however that their stochastic observations are not a result of a stochastic The butterfly catastrophe is characterized by a polynomial nature of the phase inversion process itself, but rather of the optimization function of the sixth order: 3 stochastic nature of the agitation method employed (shaking by hand). Instead of setting the critical inversion point to 0.5,
[7] can be defined as the common limit of f 1 and f 2 for T approaching T c . Determining f c by extrapolation of f 1 and
Characteristics of the butterfly catastrophe have been def 2 to T Å T c , we find a value of f c Å 0.53 for the binary scribed by various authors (3), also with respect to emulsion water/2-butoxyethanol system. phase behavior (1, 10) . The butterfly catastrophe can best The singularity set of the cusp catastrophe can be derived be understood in terms of a bifurcation set on A 1 B, with from Eq. of D ú 0 reduces the asymmetry effect of the C parameter, but does not change the general shape of the bifurcation set. For D õ 0, more complex bifurcation sets are obtained: two
[6] cusps may overlap, creating a so-called pocket. Salager (10) has shown the qualitative similarities between a butterfly catastrophe pocket and a three-phase region in a surfactant/ A direct fit of this bifurcation set to the experimental data oil/water ternary phase diagram. Since we are only conis not satisfactory (see Fig. 2 ). The main reason for this is cerned with morphology behavior showing similarities to a that Eq. [6] requires the cusp to be symmetrical around the single, possibly asymmetric cusp, we can limit ourselves to axis A Å 0, i.e., the critical value of the volume fraction, values of D § 0. whereas the data points are clearly not located symmetrically Following an approach outlined by Poston and Stewart around f c . However, catastrophe theory was successful in (9), we can derive the bifurcation set of the butterfly catasfitting the hysteresis width Df Å f 1 0 f 2 . On the basis of trophe:
3/2 proved to be a satisfactory fit, although the best fit
[8b] In order to fit the experimental data mentioned, a mathematical description of an asymmetrical cusp is required. This can be accounted for by an elementary catastrophe of a Since Eq.
[8b] has up to four real roots, it is in theory possible to express the bifurcation set as a set of up to four higher order, for instance, the butterfly catastrophe (2, 9). explicit functions A Å f ( B). However, this involves such 
Ternary system 0.85 1.00 036.6 Lim and Smith (7) Fig. 3 The cusp catastrophe equations are such that the cusp point Normal factor f water corresponds to (A, B) Å (0, 0). This is quite practical for fitting, since normal factor and splitting factor are defined Ternary system 2.89
1.78 25.8 Lim and Smith (7) with respect to the critical point, f 0 f c and T 0 T c , respec- Hence we find A Ç B 5/4 , which is very close to the experimental best fit Df Ç (T 0 T c ) 1.22 , much closer than the exponent [10b]
Experimental data which can be employed to test the catastrophe theory are also available for a ternary system. Lim and Smith (7) reconstructed phase inversion data in a water/ We will now fit the relationship f 0 f c Å K A A* and T 0 T c Å K B B*. Since the relationship between A* and B* benzene/ethanol system from Ross and Kornbrekke (8).
From a striking similarity between the experimental invercannot be given explicitly, standard nonlinear curve fit procedures cannot be applied to this problem. We have instead sion curve and the cusp-shaped bifurcation lines, the normal factor could be qualitatively related to the water or benzene used the following procedure: first, the parameters K A , K B , and C were estimated by trial and error, until an apparently phase fraction, the splitting factor to the distance from the critical point, which would be in this case the component reasonable fit was obtained. The temperature was chosen as the independent parameter, and the sum of squares of the fraction ethanol. However, these quantities were rejected by Lim and Smith as suitable normal and splitting factors, since differences between calculated and experimental inversion points (volume fractions) was evaluated. Then all three fit they did not form an orthogonal system. Data were transformed into a polar coordinate system in order to obtain parameters were varied stepwise, with decreasing step size, until a minimum sum of squares was reached. It cannot parallel tielines, which, according to Lim and Smith, would be a requirement imposed by catastrophe theory. This is not however, be guaranteed that this local minimum is the global minimum sum of squares.
true, however, since an experimental path along a tieline is not necessarily a path of constant splitting factor. At this The results are presented in Table 1 , and the fitted curves are plotted in Fig. 2 , together with the cusp catastrophe fit stage, catastrophe theory is a purely phenomenological model. Normal and splitting factors are identified with physiby Smith and Lim (6). The butterfly catastrophe fit is much better than the cusp catastrophe fit, although still unsatisfac-cal parameters on the basis of qualitative similarities in behavior. It is hoped that in case a correct fit is obtained, the tory. As can be seen from Fig. 2 , the quality of the fit is much better for the value of f c Å 0.53, obtained by extrapolation of mathematical relationships between behavior, normal, and splitting factors will reveal the physical relationships beexperimental data, than for f c Å 0.5, as derived by Ross and Kornbrekke (8). Hysteresis width can also be fitted by tween the physical parameters they are associated with. A correct definition of the splitting factor is the definition for the butterfly catastrophe. Since hysteresis width is a symmetrical variable, we can limit ourselves to the case of C Å 0. which the mathematical description in the catastrophe theory of an even higher order, but only at the cost of introducing more fit parameters whose physical significance becomes more and more obscure.
As for the physical significance of the employed fit parameters K A , K B , and C, only the C parameter can be qualitatively interpreted, being related to the HLB of emulsifier. If HLB ú 7, O/W morphology will be preferred, and the inversion curve will be skewed to the side of low fraction aqueous phase. If the splitting factor is defined on the basis of the fraction aqueous phase, this will correspond to C õ 0, hence, C Ç 7-HLB. If the splitting factor is defined on the basis of the fraction organic phase, C Ç HLB-7. This is in agreement with Salager (10), who found a relationship between the cubic coefficient from the Gibbs free energy equation of the butterfly catastrophe and the surfactant affinity difference, a parameter incorporating the effect of the HLB of the emulsifier.
(c) Evaluation of Experimental Tests of the Cusp and Butterfly Catastrophes
Although the cusp catastrophe may successfully describe
FIG. 3.
Butterfly catastrophe fit on experimental data from a ternary phase inversion phenomena on a qualitative basis, it cannot water/benzene/ethanol system (Lim and Smith (7)) using f water as the normal factor.
be employed to fit experimental data. The more sophisticated butterfly catastrophe, which displays under the assumption D § 0 exactly the same qualitative characteristics as the framework is in agreement with the physical nature of the cusp catastrophe, resulted in visually better fits. Elementary associated parameter. The splitting factor may well be de-catastrophes of a higher order may improve the quality of fined such that the tielines are lines of constant splitting the fit. However, for catastrophe theory to be a quantitative, factor. This may be done by a polar coordinate transforma-predictive model, it is essential that the fit parameters have tion as suggested by Lim and Smith (6), or in this particular case by defining the splitting factor as the fraction ethanol in the aqueous phase. However, there is no indication yet that such a definition will lead to agreement between mathematical and physical relationships. Therefore, we have chosen to define the normal and splitting factor as closely related to the experimental practice as possible: the component fraction water or benzene as normal factor and the component fraction ethanol as splitting factor.
We have performed fits on both f water 0 f water,c Å K A A* and
Here, all fractions f represent component fractions. The results of the fits are presented in Table 1 and Figs. 3  and 4 . The visual quality of both fits is reasonable, at least much better than a symmetrical fit of the cusp catastrophe. The fit is obviously lacking one important characteristic: the experimental points show one leg to be convex and the other to be concave toward the inside of the cusp. However, the butterfly catastrophe requires both legs to be convex toward the inside of the cusp. 4 The visual quality of the fit can probably be increased by employing elementary catastrophes a physical significance. Employing elementary catastrophes for a W/O emulsion. f is the volume fraction aqueous phase, and s is the interfacial tension at zero curvature (infinite of a higher order will only lead us away from this goal.
Let us reconsider the essentials of catastrophe behavior radius of curvature). These equations are accurate enough to describe microeand the function of elementary catastrophes in describing this behavior. Catastrophic behavior involves sudden changes mulsion systems. Since the curvature dependence of the Gibbs free interfacial energy becomes less critical for larger in behavior of a system as a result of gradually changing conditions. The number of possible behavior states and the droplets, these equations are certainly applicable to miniemulsions and coarse emulsions. number of control parameters involved determines the complexity of the catastrophe. For the catastrophic phenomena
The first term in Eq. [11] represents the chemical potential of the components of the emulsion. Since this term is related observed in emulsion phase inversion, the relevant behavior is outlined in Fig. 1 . A description of catastrophic phase only to the composition of the emulsion, not to its morphology, it will be omitted below. The second term, (4pa 2 /3) inversion is not necessarily of the exact form of Eq. [1] , but it should show the qualitative characteristics as shown in s, represents the interfacial energy. The third term, (4pa 2 / 3) 2c/a, accounts for the bending stress, the curvature de- Fig. 1 .
Any analytical function can be represented within a certain pendent interfacial energy, expressed by the bending stress coefficient c. The fourth term in Eq. [11] represents the range with a certain accuracy by a polynomial. The accuracy and applicable range will be better with increasing order entropy of the dispersed droplets.
The bending stress coefficient c can be written as of the polynomial, at the cost of the introduction of more coefficients. Likewise, any catastrophic behavior can be represented by an elementary catastrophe of a certain order, c Å 0b / d a [13] with accuracy and applicable range increasing with the order of the elementary catastrophe. If relatively high accuracy is demanded, a suitable elementary catastrophe might be much according to Overbeek (12) . The parameters b and d are more complex than the actual underlying physical relation-related to the mean and Gaussian bending elasticity moduli ships, resulting in many, often highly correlated parameters k c and k V c . By comparing equations from Overbeek (12) 
WITHIN THE FRAMEWORK OF CATASTROPHE
Gibbs free energy of the emulsion system G int :
Instead of trying to find an elementary catastrophe that fits experimental data, we will try to deduce catastrophic behavior from a description of the Gibbs free energy of an emulsion system as a function of a relevant morphology Following Overbeek (12), we define the curvature of an O/ parameter. Following the suggestion of Dickinson (4), we W emulsion as negative curvature. Hence we obtain choose the curvature of the interface, defined as the reciprocal radius of curvature of the emulsion droplets. Overbeek G int Å 0(1 0 f) et al. (11) give a description of the Gibbs free energy per unit volume of a droplet-type emulsion in terms of curvature Following the perfect delay convention, the system can behavior. The volume fraction aqueous phase f can be idennever escape from this state, since this minimum, unlike the tified as the normal factor, the interfacial tension s as the other minima at positive or negative curvature, will never splitting factor. Both are in agreement with Dickinson's sugdisappear. This would mean that phase inversion is impossigestions (4), since the interfacial tension is, below the CMC, ble, because any change from positive to negative curvature highly correlated with the surfactant concentration.
or vice versa passes through zero, where the system would Simple catastrophic behavior, as qualitatively described remain in a local minimum. by the cusp catastrophe, is only displayed for s £ 10 05 N/ The height of the energy barriers at either side of the zero m, a typical value for microemulsions. For higher values curvature state decreases dramatically with decreasing s. As of the splitting factor, the minima at positive and negative can be seen from Fig. 6 , the dip becomes negligibly small curvature disappear. At s § 10 03 N/m, a typical value for with respect to the other minima at s £ 10 05 N/m. It has coarse emulsions, only a very steep minimum at zero curvabeen suggested by Dickinson (14) that agitation of an emulture 5 remains. sion will provide energy to the system to ''jump'' over a The bifurcation set can be derived by solving the equations certain energy barrier. Employing this concept, we have compared the height of the energy barriers around 1/ a Å 0 to the energy provided by agitation. Under steady-state
conditions, the energy supply to the emulsion is equal to the energy dissipation rate e (J/kg s). The system will need a certain amount of energy to escape from the zero curvature Neither of the above equations can be solved analytically.
state. This energy is supplied by agitation at a more or less The first derivative was evaluated numerically employing constant rate, but it cannot be accumulated over infinite time. the bisection method, the second derivative by means of the The presence of eddies arriving at an element of the interface Newton-Raphson method. Points of the bifurcation set were is felt during a time t k , with t k Å (n/e) 1/2 the Kolmogorov obtained by bisection of f at a certain value of s. The time scale. During this time, an amount of e t k of kinetic bifurcation set is plotted in Fig. 7 and consists of two smooth energy per unit mass can be supplied to that element. If this lines, enclosing the hysteresis region in which two morpholamount of energy is less than the amount required for the ogy states are (meta)stable. Unlike the cusp catastrophe, the interface to escape from the zero curvature state, the interface bifurcation lines continue beyond the critical point, marking out a region in which no emulsion state is metastable, only a state of zero curvature, i.e., two separated phases.
For a closer look at this behavior state of zero curvature, we evaluate G int near 1/a Å 0:
[18]
Å 10 J/kg s. Adding aqueous phase, the W/O morphology becomes unstable at point V. Since point V is located above the dotted line, which encloses the region where the energy barrier around the state of zero curvature is high enough to ''trap'' the system, the emulsion will not invert. Instead, phase separation will occur. This process is illustrated by means of the ball-in-hole analogy in Fig. 9 .
EVALUATION OF THE APPLICABILITY OF CATASTROPHE THEORY
We have shown that a description of the Gibbs free energy of an emulsion system as a function of the curvature of the droplets can account qualitatively for all catastrophic phenomena observed with respect to emulsion phase inverwill only deform, and the kinetic energy is soon dissipated sion. A physically relevant behavior parameter and normal with the relaxation of this deformation. If, however, the and splitting factors could be identified. On the basis of this amount of energy supplied exceeds the height of the energy model it is expected that for values of the interfacial tension barriers around the zero curvature state, the interface will s § 10 03 N/m the emulsion system will tend to separate, break and droplets will be formed. Therefore, the maximum and catastrophic phase inversion cannot occur. This result energy barrier that can be overcome can be estimated from is not very surprising, since it is generally known that coarse the energy supply of one single eddy:
emulsions are not thermodynamically stable. It is, however, surprising that catastrophic phase inversion, with all charac-DG max É e r t K Å mre.
[19] teristics of a catastrophe, still occurs in coarse emulsions at s § 10 03 N/m. There are two possible explanations for this: In a well-baffled stirred vessel, at sufficiently high impeller 1. The curvature of the interface is not the appropriate speed, the (average) energy dissipation rate may be obtained behavior parameter to be used in catastrophe theory. There from (15) is another, physically relevant behavior parameter that will give rise to catastrophic behavior in the appropriate ranges of
[20] normal and splitting factors, i.e., also for coarse emulsions. 2. Catastrophe theory is not applicable to phase inversion with N the number of impeller revolutions per second and in coarse emulsions at all. The observed hysteresis phenomd imp the impeller diameter. C 1 is a constant depending on the ena have another, noncatastrophic, nature. geometry of the vessel and impeller, usually in the order of 1.
While we cannot prove that the first explanation is wrong, With N Å 16.7 s 01 (1000 rpm) and d imp Å 5 cm we find we can raise two important objections against it. The first a typical value of e É 10 J/kg s. In Fig. 7 we have also objection is that curvature is the very most appropriate beindicated the lines for which the minimum at zero curvature havior parameter. Catastrophe theory requires a continuous is enclosed by energy barriers of at least DG max as given by parameter to describe discrete morphology behavior. Of all Eq. [19] , for values of e Å 1, 10, and 100 J/kg s.
continuous parameters characterizing an emulsion system, In Fig. 8 the bifurcation lines are shown, together with the line of a critical energy barrier for e Å 10 J/kg s. Point P represents a W/O emulsion. Adding aqueous phase to this emulsion, containing a certain concentration of surfactant such that s remains constant, we follow path PQRST. The emulsion will remain W/O until point S is reached, where inversion will occur. The ball-in-hole representation of this process is given in Fig. 9 . Going the other way, starting at point T with an O/W emulsion, we follow path TSRQP by adding organic phase. Inversion will now occur at point Q. QS represents the hysteresis width at this specific value of s.
The influence of the energy barrier around the state of zero curvature becomes clear following the path UVW. We start at point U with a W/O emulsion, agitated such that e curvature is most directly related to emulsion morphology, easily invert. In case of ''slow'' coalescence, inversion will take place when the interaction time of the droplets exceeds provided its sign is defined according to the morphology. A state of zero curvature seems a natural transition state be-the drainage time; in case of ''fast'' coalescence, it is the balance between breakup and coalescence of the droplets tween O/W and W/O morphology. Furthermore, the proposed description of the Gibbs free energy of the emulsion that will determine the inversion point. Whenever an emulsion has inverted and the process is reversed, another inversystem did show catastrophic behavior, only not in the appropriate range of s. It is very unlikely that there are two sion mechanism will be applicable. Therefore, hysteresis may result from the different mechanisms involved. possible behavior parameters giving rise to catastrophic behavior, each in another range of respective normal and split-A final question that remains is whether catastrophe theory is applicable to microemulsions. On the basis of Eqs. [14] ting factors.
A second objection against the first explanation is that the and [15] and Fig. 7 , catastrophic behavior is to be expected in the microemulsion range (s £ 10 05 N/m). However, application of curvature as a behavior parameter in catastrophe theory leads to the conclusion that above a certain value catastrophic behavior is not generally observed regarding microemulsions. For coarse emulsions, the volume fraction of the interfacial tension emulsions are not thermodynamically stable systems, a generally known fact. It has already f is determined by the bulk formulation of the emulsion system. The droplet size is adapted by means of coalescence been stated by Salager (1) that care has to be taken when treating emulsion phase inversion in a thermodynamic way. and break-up of droplets. Microemulsions are often in equilibrium with excess dispersed phase and may exchange this Salager assumed that the processes causing an emulsion to break (coalescence) are slow with respect to the processes phase between the droplets and the bulk excess phase in order to minimize the Gibbs free energy of the system. The that govern phase inversion. The observation of catastrophic phenomena and the fact that transitional inversion could be droplet size in this case is adapted by changing the volume fraction in the emulsion phase, keeping the number of dropvery well described on the basis of equilibrium thermodynamics seemed to justify thermodynamic treatment of cata-lets generally constant. Because of this extra degree of freedom, microemulsions may escape from a local minimum in strophic phase inversion. In case of transitional inversion, the stability of the emulsion before and after phase inversion Gibbs free energy by adapting f and end up in a state of global minimum Gibbs free energy. Microemulsions do not is comparable. Catastrophic phase inversion, however, involves inversion from a highly unstable morphology to a therefore obey the perfect delay convention. As a result, catastrophic behavior is not to be expected. more stable one. Also, the coalescence processes which cause unstable emulsions to break play a much more important role in catastrophic phase inversion than in transi-CONCLUSIONS tional inversion. Therefore, thermodynamic treatment might give good results in case of transitional inversion, but is In this paper, the applicability of catastrophe theory to emulsion phase inversion has been investigated. Two applicertainly inappropriate to catastrophic inversion.
Assuming that the second explanation is the right one, the cations have been considered: (i) catastrophe theory as a fitting model for experimental phase inversion data, and (ii) question arises which is the nature of the hysteresis phenomena observed. It has been suggested that phase inversion catastrophe theory as a predictive model for phase inversion.
In order to investigate applicability, two approaches have in liquid-liquid systems is governed by coalescence (16). Vaessen and Stein (17) pointed out in the case of cata-been followed: (i) improving the fit quality by applying elementary catastrophes of a higher order, and (ii) building strophic inversion the appropriate mechanism is dependent on the direction in which inversion is carried out. The key a model describing catastrophic behavior on thermodynamic properties of an emulsion. issue here is the influence of the surfactant distribution on the coalescence kinetics. With the surfactant present in one As far as the possibilities for fitting are concerned, fit quality can indeed be improved following the first approach. of the phases, Bancroft's rule (18) predicts a preferred morphology. While originally Bancroft's rule was interpreted in While the cusp catastrophe can only describe qualitative features of catastrophic phase inversion and fit the hysteresis terms of preferred curvature of the interface, Traykov and Ivanov (19) have shown that it can also be interpreted in width, the butterfly catastrophe can fit experimental data directly, both in a binary and a ternary system, with reasonterms of coalescence efficiency. With the surfactant present in the continuous phase, film drainage between droplets is able accuracy. Still, the butterfly catastrophe cannot account for all features of the experimental data; in particular the strongly retarded by gradient in surface tension. Such a system will coalesce slowly, and phase inversion will be op-butterfly catastrophe requires both legs of the bifurcation set to be convex toward the inside of the cusp. Accuracy may posed. With the surfactant present in the dispersed phase, a surface tension gradient will not be formed, since any short-be improved by applying elementary catastrophes of a higher order, but at the cost of the introduction of more fit parameage of surfactant caused by the drainage flow in the film will be immediately compensated by diffusion from the bulk ters. While already the nature of all parameters from the butterfly and even the cusp catastrophe is not yet resolved, of the droplet. Coalescence will be fast and the system will
